The mammalian CCAAT-binding factor CBF (also called NF-Y and CP1) is an evolutionarily conserved, heterotrimeric, ubiquitous DNA-binding protein that binds to CCAAT motifs in the promoters of numerous eukaryotic genes (1) (2) (3) (4) . CBF consists of three different subunits: CBF-A, CBF-B, and CBF-C (5) . Using recombinant polypeptides, we have demonstrated that all three subunits are needed for DNA binding and that the three polypeptides are present in the CBF-DNA complex (6) . Specific segments of CBF-A, CBF-B, and CBF-C that are needed for DNA binding of CBF and contain interaction domains with the other subunits showed a high degree of sequence identity with segments of the yeast HAP3, HAP2, and HAP5 polypeptides, respectively (7) (8) (9) . These three yeast polypeptides are subunits of a multimeric yeast CCAAT-binding factor that regulates expression of several nuclear genes essential for mitochondrial function in this organism (10, 11) . Interestingly, the conserved segment of CBF-A and CBF-C also showed amino acid sequence similarity with the histone-fold motif of histone H2B and H2A, respectively (9, 12) . Our recent studies indicated that the conserved segments in each of the three CBF subunits are sufficient for subunit interactions to form the heterotrimeric CBF protein and for formation of the CBF-DNA complex (9, 13) .
The CCAAT motifs that bind CBF are often found between Ϫ60 and Ϫ100 base pairs 5Ј to the start of transcription of many higher eukaryotic genes (14) , but the mechanism by which CBF regulates expression of these genes has yet to be established. Studies from different laboratories have demonstrated that mutations of the CCAAT motif that resulted in loss of CBF binding also decreased transcriptional activity of a number of promoters, including several tissue-specific and inducible promoters, suggesting that CBF is a transcription activator (15) (16) (17) (18) . Furthermore, in an in vitro reconstituted assay, CBF purified from tissue extracts activated transcription specifically of promoters containing a binding site for CBF (4) .
Recently, we showed that a segment of CBF-B rich in glutamine and serine/threonine residues was needed for activated transcription in vivo in a heterologous system, indicating that this segment of CBF-B is a potential transcription activation domain (19) . Results of previous in vitro transcription experiments using recombinant CBF-B and native CBF-A and CBF-C were unable to distinguish whether additional activation domains existed in CBF or whether CBF recruited other factors which activated transcription (19) . It was also not clear whether the transcription activation domain of CBF-B identified in vivo could activate transcription when present in a heterotrimeric CBF protein and whether other CBF subunits participated in CBF-dependent transcription activation.
Here we first identified a segment in CBF-C that activated transcription in vivo in a heterologous system using fusion polypeptides with the yeast GAL4 DNA-binding domain. The three recombinant CBF subunits, which together form the heterotrimeric CBF, were then reconstituted in an vitro transcription system. Two of the recombinant CBF subunits, CBF-A and CBF-C, were coexpressed in Escherichia coli to obtain highly active forms of these subunits. CBF reconstituted from the three recombinant subunits activated transcription specifically of promoters containing a CBF binding site. Activation of transcription was mediated largely by two CBF domains, one in CBF-B and the other in CBF-C, and the two domains together activated transcription additively. Both CBF domains contain a high percentage of glutamine residues, and showed sequence similarities with each other and with the glutamine-rich activation domain of other transcription factors.
MATERIALS AND METHODS

Gal4-CBF-C Fusion Constructs-Gal4
-CBF-C fusion constructs were obtained by inserting the DNAs coding for CBF-C residues 1-120 and for CBF-C residues 148 -334 between EcoRI and XbaI of the pGAL plasmid (20) . The CBF-C segments were generated by polymerase chain reaction. DNA fragments were ligated in-frame with the DNA coding for the Gal4 DNA-binding domain. The DNA sequences of the two constructs were verified.
Reporter Gene-The pGAL-CAT 1 reporter plasmid is driven by a promoter containing multiple GAL4 binding sites (21) .
Transient Transfection Assays-Transient transfections were performed in HeLa cells by using the DNA-calcium phosphate coprecipitation method (22) . The cells were transfected with 2 g of the expression vector and 10 g of the reporter plasmid. The pSV2 lacZ plasmid, which encodes the E. coli ␤-galactosidase enzyme under the control of the SV40 promoter, was used as an internal control. After the cells were harvested, the CAT activity was measured by liquid scintillation method, and the ␤-galactosidase activity and protein amounts were assayed according to standard protocols (23) . CAT values were normalized to the protein amounts and ␤-galactosidase values. Each experiment was done in duplicate for two independent experiments.
Generation of Recombinant Proteins-CBF-A/CBF-C cDNA was obtained by inserting the XbaI-XhoI fragment from pET-23a-CBF-C (6) between the SmaI and XhoI sites of the bacterial vector pGEX-4T-3 CBF-A, which contained the CBF-A cDNA between the BamHI and EcoRI sites in frame with the glutathione S-transferase gene. CBF-A/ CBF-Cd was generated by deleting the COOH-terminal SacII-XhoI fragment from the CBF-A/CBF-C construct described above. CBF-B and CBF-Bd, previously named CBF-B1-GST and CBF-B3-GST, were obtained as described previously (19) . After transformation of E. coli strain HB101, synthesis of the fusion proteins was induced by adding 0.5 mM isopropyl-␤-D-thiogalactopyranoside for 1 h at the midlog phase of bacterial growth. Bacteria were lysed by sonication in a buffer containing 10 mM Tris, pH 7.9, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, and 1% Triton X-100. After centrifugation, the supernatant was loaded over a column of glutathione-agarose (Sigma), which was equilibrated with a buffer containing 20 mM Hepes, 10% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol. The proteins were eluted with 10 mM glutathione in this buffer. The amount of protein was determined by the Bio-Rad protein assay. Purity of the eluted proteins was examined by SDS-PAGE followed by Coomassie Blue staining.
Western Blotting-The proteins were fractionated on SDS-PAGE and transferred to nitrocellulose. After addition of blocking mixture, the membrane was incubated with a 1/1000 dilution of rabbit anti-CBF-A or anti-CBF-C antibodies and then incubated with 1/1000 dilution of horseradish peroxidase-conjugated donkey anti-rabbit antibody. The proteins were detected by autoradiography using ECL (Amersham Corp).
Nuclear Extracts-Mouse lymphoma EL4 cells were grown in suspension in Dulbecco's modified Eagle's medium supplemented with 10% horse serum at the density of 1.5 ϫ 10 6 cells/ml. Nuclear extracts were prepared as described (24) , except that the concentration of KCl in buffer A was raised to 50 mM. Nuclear extracts were depleted of CBF by mixing with a DNA affinity resin in which the DNA sequence of the mouse MHC class II gene (from Ϫ81 to Ϫ35) (19) was linked to Sepharose. Extracts (450 l) were incubated with 180 l of affinity resin at 4°C for 30 min. The supernatant was spun at 4000 rpm, recovered, divided into small aliquots, and stored at Ϫ80°C.
DNA Binding Assay-DNA binding assays were performed as described before (19) in a final volume of 10 l by incubating 5 fmol of 32 P-end-labeled CBF-COL oligonucleotides (19) with either 1 l of nuclear extracts or various combinations of the recombinant subunits of CBF.
DNA Templates for in Vitro Transcription-pFC1, pFC2, and pH6 contained sequences of the mouse ␣2(I) collagen gene promoter (19) . pLAG29 was obtained by introducing a point mutation in pH6 (CCAAT to CCAAA) using polymerase chain reaction. pTH3 was obtained by deletion of the sequence Ϫ108 to Ϫ40 in the pH6 construct. 2 p120 contained a segment of the mouse ␣1(III) collagen gene (25) . RSVLuc contained a segment of the RSV-LTR between Ϫ350 and ϩ50 fused to the luciferase gene (26) .
In Vitro Transcription Assays-Assays were carried out as described previously (19) .
RESULTS
Transactivation by CBF-C in a Heterologous
System-Recently, our studies showed that the amino-terminal 120 residues of the CBF-C subunit that is conserved between yeast and rat are necessary for the formation of a CBF-DNA complex and that the glutamine-rich carboxyl-terminal 214 residues are dispensable for DNA binding (9) . 3 To test whether the CBF-C subunit contains potential transactivating sequences, we cloned two different segments of this subunit in frame with a heterologous DNA-binding domain of GAL4 into a mammalian expression vector ( Fig. 1 ). Each of these plasmids was transfected into HeLa cells together with a plasmid containing a reporter gene under control of GAL4 DNA-binding sites. A construct containing the conserved segment of CBF-C (CBF-C 1-120) did not stimulate the expression of the reporter gene with respect to the control construct containing only the GAL4 DNA-binding domain (Fig. 1 ). In contrast, the construct containing the glutamine-rich segment (CBF-C148 -334) activated expression of the reporter gene about 30-fold, indicating that this segment of CBF-C acted as a transcriptional activation domain in vivo. This result suggests that the glutamine-rich segment of CBF-C is needed for transcriptional activation by CBF.
Previously, analysis of the CBF-B subunit indicated that the glutamine-rich and the serine/threonine rich segment of CBF-B when fused with the Lex A DNA-binding domain, activated transcription of a reporter gene under control of Lex A DNAbinding sites (19) . Thus, together with the previous study, we have now shown that CBF contains two potential transcriptional activation domains, one in CBF-B and the other in 
CBF-C.
Production of Recombinant Subunits of CBF-In previous experiments the three CBF subunits were expressed in E. coli as fusion polypeptides with glutathione S-transferase (GST) and were each purified in a single step from bacterial extracts using a glutathione-agarose affinity column (6) . This study indicated that CBF-A and CBF-C together form a heterodimer, which then interacts with CBF-B to form the heterotrimeric CBF protein. This heteromeric CBF could then bind to DNA to form a CBF-DNA complex. However when the CBF-C subunit was expressed in E. coli, it was mainly found as an insoluble aggregate; even after denaturation and renaturation, the yield of this recombinant polypeptide was small. Furthermore, we found, based on DNA-binding assay, that only a fraction of purified recombinant CBF-A and purified recombinant CBF-C was active. Indeed, each subunit formed a homomultimeric structure by itself in solution, which was perhaps the cause of the relative inactivity of these subunits. 4 We thus decided to coexpress CBF-A and CBF-C in E. coli, with the expectation that both subunits would form a heterodimer in vivo and that the heterodimeric state of CBF-A and CBF-C would increase the proportion of active subunits. As shown in Fig. 2 , the DNAs of both CBF-A and CBF-C were cloned into a single pGEX-4T-3 vector. The DNA of CBF-A was cloned in frame with that of GST to code for a GST-CBF-A fusion polypeptide, and the DNA of CBF-C, which included the ribosomal binding site present in the pET vector (Novagen), was cloned immediately 3Ј of the DNA of CBF-A. In this plasmid, the DNA of both GST-CBF-A and CBF-C form an operon under the control of the inducible tac promoter. Formation of a soluble complex between GST-CBF-A and CBF-C in E. coli allowed the copurification of these subunits together over a glutathione-agarose affinity column, resulting in efficient production of both subunits in soluble form.
The apparent molecular masses in SDS-PAGE were 52 and 40 kDa for GST-CBF-A and CBF-C, respectively (Fig. 3A) . As shown by Coomassie staining (Fig. 3A ) and by Western blot (Fig. 3B ), the recombinant proteins constituted major species. The upper band observed in lanes 2 and 3 of Fig. 3B corresponds to GST-CBF-A but is due to contamination of the anti-CBF-C antibodies by antibodies against the GST domain. CBF-A/CBF-C bound efficiently to an oligonucleotide containing a CBF-binding site after complementation with CBF-B (Fig. 3C,  lane 1 ). An increase in DNA binding was observed when increasing amounts of recombinant proteins were added in the assay (data not shown). These results show that CBF-A and CBF-C formed a binary complex when coexpressed simultaneously within a single E. coli cell. After complementation of this binary complex with CBF-B, the CBF protein constituted from its three recombinant subunits bound efficiently to DNA.
Transcriptional Activation by Recombinant CBF-Previously, we demonstrated that CBF protein purified from rat liver nuclear extracts activated transcription in vitro specifically from promoters containing a CCAAT motif (4, 19) . Using an in vitro transcription system, we asked whether recombinant CBF could activate transcription of the pH6 and pFC1 DNA templates. The DNA of pH6 contains a segment of the mouse pro␣2(I) collagen gene between Ϫ350 and ϩ54, whereas pFC1 contains four tandem copies of the CBF binding site in the same gene from Ϫ105 to Ϫ65 (Fig. 4A ). We also used pLAG29, which is a derivative of pH6 with a mutation in the CCAAT motif, and pFC2, which corresponds to pFC1 with a mutation in each of the four tandem CCAAT motifs. Finally, in plasmid pTH3, the CCAAT motif has been deleted.
These templates were transcribed with nuclear extracts from EL4 cells, which had been first depleted of endogenous CBF by incubation of the extracts with an affinity resin containing CBF binding site. Low levels of transcription of each template were observed in the presence of depleted extracts (Fig. 4B, lanes 1,  3, 5, 7, and 9) . Addition of CBF-A/CBF-C plus CBF-B to these 4 S. N. Maity, unpublished observation. 2 and 3) . The different proteins are marked A, C, and Cd. C, comparison of DNA binding by recombinant CBF-A, CBF-C, and CBF-Cd. 0.1 g of recombinant proteins (CBF-A/CBF-C, lanes 1 and 3; CBF-A/CBF-Cd, lanes 2 and 4) were incubated with end-labeled CBF-COL oligonucleotide (19) in the presence of 0.1 g of CBF-B (lanes 1 and 2) or CBF-Bd (lanes 3 and 4) . Reaction mixtures were fractionated on a polyacrylamide gel, and the DNA-protein complex were detected by autoradiography.
depleted extracts resulted in a striking stimulation of transcription of pH6 and pFC1 (Fig. 4B, lanes 2 and 8) . Little or no increase of transcription occurred for pLAG29 and pFC2, which contain a mutation in the CCAAT box that almost completely abolishes the binding of CBF (Fig. 4B, lanes 4 and 10) , and for pTH3, in which the sequence between Ϫ108 and Ϫ40 that includes the CCAAT motif was deleted (Fig. 4B, lane 6) . The higher basal levels of transcription with the pTH3 template using depleted extracts could have been due to a closer physical distance between activating sequences immediately upstream of the deleted CCAAT motif and the general transcription factors anchored at the TATA element. Our results clearly demonstrate that recombinant CBF can activate transcription and that this activation is mediated through an intact CBFbinding site.
Activation Domains of CBF-To determine which part of CBF mediated the in vitro transcriptional activation, we used a deleted form of CBF-B (CBF-Bd) and a deleted form of CBF-C (CBF-Cd) in the in vitro reconstituted transcription system. Each of the deleted CBF subunits lacked the amino acid residues that acted as a transcriptional activation domain determined in the in vivo heterologous transcription system. CBF-Bd, which consisted of the conserved segment of CBF-B necessary for CBF-DNA complex formation but lacked the glutamine-and the serine/threonine rich-segments, has been generated previously (19) . CBF-Cd, was constructed by deleting the COOH-terminal fragment as shown in Fig. 2B . CBF-Cd consisted of the conserved segment of CBF-C necessary for CBF-DNA complex formation but lacked the glutamine-rich segment. The apparent molecular mass of CBF-Cd in SDS-PAGE was 12.5 kDa (Fig. 3A) .
As shown by Western blot, the recombinant protein constituted a major species (Fig. 3B ). CBF-Cd and CBF-Bd bound as efficiently as CBF-C and CBF-B to a CBF-binding site in the presence of the other two subunits (Fig. 3C, lanes 1-4) . A detectable change in the mobility of the DNA-protein complex was observed when using the truncated forms CBF-Bd and CBF-Cd (lanes 2-4) .
Plasmid pFC1 (Fig. 5A) , which contains four copies of a CBF binding site, was transcribed with a CBF-depleted nuclear extract to which recombinant CBF was added. When CBF-A/ CBF-C or CBF-B were added alone to the depleted extract, no significant increase of transcription was observed (Fig. 5B,  lanes 2-5) . Addition of increasing quantities (0.05-1 g) of full-length recombinant CBF-A/CBF-C and CBF-B resulted in increasing levels of transcription of the pFC1 template (lanes 6 -9) . When the truncated CBF-Cd/CBF-A and CBF-B were added, an increase in transcription was also observed, but to a lesser degree than with full-length CBF-C (lanes 10 -13) . Similarly, an increase in transcription was obtained with the truncated CBF-Bd and CBF-A/CBF-C, but it was less than with full-length CBF-B (lanes 14 -17) . In contrast, when both the truncated forms, CBF-Bd and CBF-Cd/CBF-A, were added, only a low level of activated transcription occurred (lanes 18 -21) . Similar results were obtained from two independent experiments. In the presence of 0.5 g of full-length CBF-B and 0.5 g of CBF-A/CBF-C, when the reaction reached the maximal level of transcription, the activity of pFC1 template was 19-fold higher than when no recombinant CBF was added (Fig.  5C ). In the presence of similar amounts of CBF-Cd/CBF-A and CBF-B or CBF-Bd and CBF-A/CBF-C, activation of transcription was 7.5-or 10-fold, respectively. However, in the presence of CBF-Bd and CBF-Cd/CBF-A, only 3-fold activation was observed. Thus, the in vitro transcriptional activation of CBF was mostly mediated by the two CBF domains, one present in CBF-B and the other in CBF-C. Deletion of one resulted in only pH6 (lanes 1 and 2), pLAG29 (lanes 3 and  4), pTH3 (lanes 5 and 6), pFC1 (lanes 7  and 8) and pFC2 (lanes 9 and 10) were transcribed using CBF-depleted nuclear extracts without (lanes 1, 3, 5, 7, and 9 ) or with 0.5 g of recombinant CBF (CBF-B plus CBF-A/CBF-C) (lanes 2, 4, 6, 8, and  10) . The newly synthesized RNAs were reverse-transcribed by primer extension and the products analyzed by autoradiography after electrophoresis on polyacrylamide gel. a small decrease (2-3-fold) in transcriptional activation, compared to the 6 -7-fold decrease when both domains were deleted, suggesting that the two domains together activate transcription additively.
To determine how CBF activates transcription of natural promoters, two other templates, one containing the promoter of the mouse ␣2(I) collagen gene (pH6) and the other containing the Rous sarcoma virus RSV-LTR, were also transcribed with the CBF-depleted nuclear extracts reconstituted with increasing amounts of recombinant CBF proteins (Fig. 6, A-F) . Like the pFC1 template, transcription of both the pH6 and RSV templates were specifically stimulated with addition of increasing amounts of the full-length recombinant CBF-A/CBF-C and CBF-B (Fig. 6, lanes 6 -8 in panels B and E) . Addition of 0.5 g of CBF-B and 0.5 g of CBF-A/CBF-C increased the level of transcription of pH6 and RSV DNA by 5-and 10-fold, respectively (Fig. 6, C and F) . Transcription of both templates was also tested in the presence of the deleted CBF subunits. Addition of 0.5 g of CBF-B and 0.5 g of CBF-A/CBF-Cd increased transcription of pH6 and RSV to 3-and 7-fold, respectively, and addition of similar amounts of CBF-Bd and CBF-A/CBF-C increased transcription to 3.4-and 6.2-fold, respectively. In contrast, addition of similar amounts of both the deleted subunits, CBF-Bd and CBF-A/CBF-Cd, resulted in smaller increases in transcription: 1.5-fold for the pH6 template and 3.7-fold for the RSV template. Hence, the recombinant CBF activated transcription of promoters of the mouse ␣2(I) collagen gene and RSV-LTR, and a major part of the transcriptional activation of both promoters was mediated by the two CBF domains, one in CBF-B and the other in CBF-C, like the activation of the pFC1 template. Transcription of RSV-LTR was stimulated 3.7-fold in the presence of the CBF mutant lacking the two activation domains, suggesting that CBF may contain a third activation domain or that the deleted CBF may recruit another factor, which activates transcription.
The amino acid sequences of both CBF activation domains showed similarities when compared to each other, with a high percentage of glutamine residues. These homologous segments are rich in glutamine and hydrophobic residues, suggesting that the two domains might use a similar mechanism to activate transcription. Several other transcription factors like SP1 (27) , octamer-binding proteins (OCT1 and OCT2) (28) , and cAMP response element-binding proteins (CREB) (29) consist of activation domains that are also rich in glutamine residues. The amino acid sequences of these activation domains showed about 50% similarity with amino acid sequences of both CBF activation domains (Table I) . DISCUSSION In this study, we first demonstrated that the glutamine-rich segment of CBF-C activated transcription in vivo in a heterologous system using a fusion polypeptide with the yeast GAL4 DNA-binding domain. In a similar experiment, we had previously shown that the glutamine-and serine/threonine-rich segments of CBF-B also activate transcription in vivo (19) . These results suggest that the heterotrimeric CBF contains of at least two potential transcriptional activation domains, one in CBF-B and the other in CBF-C.
To understand the mechanism by which CBF activates transcription of promoters to which CBF binds, we used the three recombinant CBF subunits in an in vitro reconstituted transcription system. Recombinant CBF specifically activated tran- scription of several promoter templates containing a CBF-binding site. This result allowed us to determine which subunits of CBF and which segments within these CBF subunits mediated activation of transcription in vitro. The deletion of the activation domains of either CBF-B or CBF-C produced approximately a 50% decrease in transcription activation, whereas the deletion of both domains resulted in a much more pronounced loss of transcription activation. These results indicate that each of these two CBF domains participated in the CBF-dependent transcription activation in vitro and that these two domains acted additively in the transcription activation process. Interestingly, these two activation domains, although present in two different CBF subunits, showed amino acid sequence similarities to each other. Thus it appears that the heterotrimeric CBF, which has an overall asymmetric structure, consists of two similar activation domains. One possibility is that, because of the two activation domains, CBF could activate transcription to similar extents irrespective of the orientation of the binding of CBF to the promoter. Indeed, functional CCAAT sequences that bind CBF are present either on the upper strand or on the lower strand in different promoters.
Several transcription factors (27) (28) (29) in higher eukaryotes contain glutamine-rich transcription activation domains. These domains show amino acid sequence similarities with both CBF activation domains, suggesting that these domains activate transcription by a common mechanism. Some of these glutamine-rich domains were shown to interact with a Drosophila TATA-binding protein-associated factor, TAF110 (30, 31) , and mutations in the domain that abolished the interactions with TAF110 decreased transcription activation. Thus it is possible that the two CBF domains activate transcription by interacting with a single TATA-binding protein associated factor, most probably the mammalian homologue of TAF110.
The deleted CBF protein lacking both activation domains was still able to stimulate transcription of RSV-LTR, but did not significantly stimulate transcription of the ␣2(I) collagen promoter. This result suggests that a third domain of CBF could activate the transcription of specific promoters or that proposed a similar mechanism by which CBF could activate the transcription of MHC class II promoter in vivo by recruiting other transcription factors that bind upstream elements of the promoter (15) . Thus it is possible that the conserved segments of CBF, which are necessary for the formation of the CBF-DNA complex, facilitate the recruitment of other transcription factors that bind to RSV-LTR. Our recent studies showed that the conserved segments of CBF-A and CBF-C showed amino acid sequence similarity to the histone-fold motifs of histone H2B and H2A, respectively (9) . The histone-fold, which has a characteristic secondary protein structure, is also found in histones H3 and H4. Two Drosophila TATA-binding protein-associated factors (dTAFII40 and dTAFII60) showed amino acid sequence similarity with the histone-fold motifs of histones H3 and H4, respectively (12) . Structural studies of the histone octamer indicated that the histone-fold structure provided a basis for protein-protein interactions not only in the H2A/H2B and H3/H4 dimers but also between all four histones to form the octameric complex. Thus it is possible that the histone-fold motif of the CBF subunits interacts with the mammalian homologues TAFII40 and TAFII60, which also contain a histonefold motif. This interaction might account for the transcriptional activation that was observed with the CBF mutant in which both glutamine-rich domains were deleted. It is interesting to note that although the DNA-binding segments of the three CBF subunits showed amino acid sequence similarities with the corresponding yeast HAP 2, 3, and 5 subunits, the two glutamine-rich activation domains of CBF are not conserved. In Saccharomyces cerevisiae, it was found that HAP4, which associates with the heterotrimeric HAP2/3/5 complex, mediated transcriptional activation of several nuclear genes of this organism (32) . Thus the mechanism by which CBF activates transcription is likely to have diverged during evolution.
